Pathogenic bacteria use different strategies to infect their hosts, including the simultaneous production of pore forming toxins and several virulence factors that may synergize their pathogenic effects. However, how the pathogenic bacteria are able to break out the host intestinal barrier is poorly understood. The infectious cycle of Bacillus thuringiensis (Bt) bacterium in Caenorhabditis elegans is a powerful model system to study the early stages of the infection process. Bt produces Cry pore-forming toxins during the sporulation phase that are key virulence factors involved in its pathogenesis. In this study, we show that Bt disrupts the intestinal epithelial junctions of C. elegans at early stages of infection allowing Bt bacterium to complete its life cycle in the worm. We further confirmed that the vegetative Bt cells trigger a quorum sensing response that is activated by PlcR regulator, resulting in production of different virulence factors, such as the metalloproteinases ColB and Bmp1, that besides Cry toxins are necessary to disrupt the nematode epithelial junctions causing efficient bacterial host infection and death of the nematode. Our work provides new insights into the pathogenesis of Bt and highlights the importance of breaking down host epithelial junctions for a successful infection. A similar mechanism could be used by other pathogen-host interactions since epithelial junctions are conserved structures from insects to mammals.
Introduction
Animals encounter a myriad of chemical or biological dangers, including pathogens, in the environment. The epithelium tissue naturally serves as a physical barrier to protect themselves from detrimental agents (Lemaitre and Hoffmann, 2007) . However, pathogenic bacteria evolved to avoid the defence mechanisms and to invade their host (Groschwitz and Hogan, 2009; Ramanan and Cadwell, 2016) completing their infection life cycle (Costa et al., 2013; Pawlowska and Sobieszczanska, 2017) . Indeed, it has been reported that many pathogens disrupt the host intestinal barrier functions during infection, such as the human opportunistic pathogen Escherichia coli (Strauman et al., 2010) , an etiological agent of human adult periodontitis Porphyromonas gingivalis (Katz et al., 2000) , and Salmonella enterica serovar typhimurium (Tafazoli et al., 2003) , among others. However, there have been very few studies addressing the detailed mechanism of how G-positive pathogenic bacteria break down the intestinal barrier of their hosts during the early stages of infection.
The G-positive Bacillus thuringiensis (Bt) is a ubiquitous spore-forming bacterium that belong to the Bacillus cereus (Bc) group, which also encompasses B. cereus (a human opportunistic pathogen), and B. anthracis (the etiological agent of anthrax in mammals) (Ivanova et al., 2003) . During sporulation, Bt produces parasporal crystal proteins (Cry) that have specific toxicity to different insects, nematode, mites and protozoa species (Schnepf et al., 1998; Pardo-Lopez et al., 2013) . The Cry proteins are recognized as pore-forming toxins that effectively lyse the epithelial cells by osmotic shock, disrupting the midgut epithelium and killing the insect larvae (Bravo et al., 2007; Deist et al., 2014) . In addition, Bt produces several other virulence factors important for its pathogenicity in insects (Raymond et al., 2010) . For example, the enhancin protein was reported to facilitate the disruption of the peritrophic membrane (Fang et al., 2009) , while the InhA metalloprotease helps Bt and Bc to escape from innate immune system (Dalhammar and Steiner, 1984) . In the case of Bc, it was shown that InhA metalloprotease induces alterations in the macrophage membrane (Ramarao and Lereclus, 2005) .
As a pathogen, Bt could complete a full infection life cycle in both insects and nematodes hosts (Raymond et al., 2010; Ruan et al., 2015) . Overall, the infection process of Bt in insects includes three successive steps: virulence, necrotrophic and sporulation processes (Perchat et al., 2016) . The early events in pathogenesis corresponds to the virulence process, just after ingestion by susceptible hosts, Cry toxins form pores in the host intestinal cell membranes, inducing favourable conditions for spore germination. Vegetative bacteria multiply in the host and coordinate their behaviour using the PlcR-PapR quorum sensor regulatory system, which induces the production of virulence factors allowing the bacteria to kill its host (Salamitou et al., 2000; Verplaetse et al., 2015) . After the host death, the quorum sensor NprR regulator controls the expression of a set of genes encoding degradative enzymes, allowing the vegetative bacteria cells to use the insect cadaver and to survive necrotrophically (Dubois et al., 2012) . Finally, the Rap-Phr system activates a phosphorylation cascade leading to the induction of the sporulation regulator Spo0A and to the commitment of part of the bacterial population to produce Cry protein and sporulate (Verplaetse et al., 2015; Perchat et al., 2016) . Although Bt infection has been extensively studied, the specific steps related to the disruption of the host intestinal barrier during the early stages of virulence are still not fully characterized and more studies are desirable.
The intestine of C. elegans is comprised of 20 large epithelial cells that are mostly positioned as bilaterally symmetric pairs to form a long tube around the midgut lumen. The epithelial junctions serve as link of all the intestinal cells (Lynch and Hardin, 2009 ) and could serve as targets for the invasions of microorganisms (Costa et al., 2013; Sim and Hibberd, 2016) . The infectious cycle of Bt in the nematode C. elegans is a powerful model system to study its pathogenesis (Ruan et al., 2015; Peng et al., 2016) . Indeed, several virulence factors of Bt besides Cry toxins were shown to contribute to the nematodes infection, including the metalloproteases Bmp1 (Luo et al., 2013) , ColB and chitinase (Zhang et al., 2014) . Especially, the Bmp1 and ColB exhibit intestinal tissue degradation activity to enhance the toxicity of Bt (Luo et al., 2013; Peng et al., 2016) . In this study, using Bt-C. elegans as a model, we describe the detailed mechanism of how Bt breaks out the intestinal barrier of the host. We report that Bt targets the intestinal epithelial junctions of C. elegans to better invade the worms at the early stages of infection. Also, we show the genetic basis and regulation of the virulence factors involved in this process. Our findings point out a crucial role of PlcR regulator and the virulence factors, Bmp1 and ColB in disrupting the nematode epithelial junctions. Overall, our work describes a novel mechanism for Bt infection, targeting the epithelial junctions of its host midgut cells, which provide new insights into the pathogenesis of Bt, and highlight the importance of breaking down host epithelial junctions for successful infection.
Results

Nematicidal Bt strains disrupt the intestinal epithelial junctions of C. elegans during infection
In this work, we analysed the pathogenicity in C. elegans of six nematicidal wild-type Bt strains (YBT-1518, C15, G25-41, G25-46, G25-51 and G25-53) Peng et al., 2016) and one recombinant Bt strain (BMB0215) (Guo et al., 2008) (Supporting Information  Table S1 ). As negative controls we used a nonnematicidal Bt strain YBT-1520 (Zhu et al., 2015) , and an acrystalliferous mutant of Bt strain BMB171 (He et al., 2010) (Supporting Information Table S1 ). The observations showed that the spores of the seven nematicidal Bt strains were able to germinate into vegetative cells after infection. After 60-72 h, the body of these infected nematodes were filled with Bt vegetative cells from those strains; while the tissues and organs of the infected nematodes were degraded, showing Bt vegetative cells wrapped inside the nematode epidermis (Fig. 1A) , a phenotype known as 'bag of bacteria' ('Bob') (Kho et al., 2011) . The percentage of worms showing this 'Bob' phenotype ranged from 55.19% AE 11.16% after infection with G25-41 strain to 96.20% AE 3.78% after infection with C15 strain (Fig. 1B) . In contrast, the nematodes infected with non-active Bt strains BMB171 and YBT1520 did not show 'Bob' phenotype ( Fig. 1A ) and appear healthy (Fig. 1B) .
The purified Cry5Ba toxin did not induce the 'Bob' phenotype (Kho et al., 2011) although it severely damaged of midgut epithelial cells (Peng et al., 2018) resulting in shrinkage of the nematode intestine (Wei et al., 2003; Peng et al., 2016) , suggesting that the mechanism of midgut epithelium disruption by Bt infection does not involves Cry toxin action. Therefore, we hypothesized that the epithelial junction may be a target for Bt bacteria to destroy the intestine structures of the nematodes.
To confirm this hypothesis and visualize the integrity of epithelial junctions during infection with Bt strains, we used the GFP labelled transgenic worms FT63(DLG:: GFP) as a DLG-1/AJM-1 complex marker of epithelial cells in C. elegans (Cox and Hardin, 2004) . The data show that all nematicidal Bt strains caused severe disruption of C. elegans epithelial junctions ( Fig. 2 ) ranging from 50.52% AE 3.57% to 88.95% AE 7.23% worms with disrupted epithelial junctions when infected with G25-41 or BMB0215 respectively (Fig. 3) . In contrast, the non-nematicidal Bt strains BMB171 and YBT-1520 did not disrupt the epithelial junction of FT63(DLG::GFP) worms similar to the animals fed with E. coli OP50 (Fig. 2) (t-test, p > 0.05) (Fig. 3) .
C. elegans susceptibility to Bt is associated with epithelial junction integrity
We hypothesized that the disruption of the intestinal epithelial junctions of C. elegans could be one of the Bt strategies to infect the worms. To test this hypothesis, we analysed the nematicidal activity of all selected Bt strains against the wild type N2 and the epithelial junction's deficient clc-1(ok2500) mutant and dlg-1 knockdown worms. We used clc-1(ok2500) mutant worms for the genetic analysis to assess the role of epithelial junction during Bt infection and first confirmed that the CLC-1 is important for the integrity of the intestinal epithelial junctions. We knocked down clc-1 in FT63(DLG::GFP) worms and show that 72.8% of these worms showed no-integrity in the epithelial cell junctions (Supporting Information  Fig. S1 ). In these assays, we adjusted the median lethal concentration (LC 50 ) of each strain in order to have 50% mortality of the wild type worms N2. The non-nematicidal Bt strain BMB171 was used as a negative control, using a dose of 10 6 spores μl −1 which is equally to the highest dose for the selected nematicidal Bt strains. The analysis of the mortality showed that the mutant worms clc-1 (ok2500) were significantly more sensitive to all the nematicidal Bt strains compared with the wild type N2 worms (t-test, p < 0.05) (Fig. 4A) . Similarly, the dlg-1 knockdown worms were more sensitive to Bt infection, when compared with the wild type N2 worms (t-test, p < 0.05) (Supporting Information Fig. S2 ).
In addition, we analysed the sensitivity of the wild type and mutant nematodes to copper sulfate (Fig. 4B ) and hydrogen peroxide (Fig. 4C) as controls of non-specific toxicity. Our data show no significant differences to these treatments between the mutant clc-1(ok2500) and the wild type N2 worms (t-test, p > 0.05). Thus, C. elegans susceptibility to Bt infection is associated with epithelial junction integrity. The bacterial growth and nematicidal Cry toxins are both required for the disruption of the epithelial junctions Cry toxins have been shown to be the main Bt virulent factor to kill the nematodes (Guo et al., 2008) . We determined if Cry toxins could induce the destruction of intestinal epithelial cell junctions or if Bt spores are also required for this process. We fed FT63(DLG::GFP) worms with 10 μg ml −1 of pure samples of nematicidal Cry5Ba toxin (purified from Bt strain BMB0215, Supporting Information Table S1 ), Cry6A toxin (purified from Bt strain BMB171/Cry6Aa, Supporting Information Table S1 ) and Cry21Aa toxin (purified from Bt strain BMB171/Cry21A, Supporting Information Table S1 ). The results show that after 18 h of treatment, a small proportion of the worms showed disruption of their epithelial junctions (Fig. 5) , ranging from 10.0% AE 1.0% to 33.0% AE 5.0% when treated with Cry6Aa or Cry5Ba toxins respectively. We also analysed the effect on the epithelial junction's integrity when different concentrations (from 10 to 1000 μg ml ) of these toxins were used. The results show that these Cry toxins alone showed low damage in the epithelial junctions even at the highest concentration tested (1000 μg ml −1 ) (Supporting Information Fig. S3 ), indicating that the lack of effects on the epithelial junctions is independent on toxin concentration. However, these Cry toxins still were able to cause nematode mortality as reported in previous studies (Supporting Information Fig. S4 ), indicating that the lack of effects on the epithelial The data are expressed as the percentages of worms that showed disrupted epithelial junctions after 18 h with each Bt strain. A total of 100-120 L4 stage worms were scored for disrupted epithelial junction's phenotype to calculate the shown percentages for each strain. The data present the mean and SD of three independent experiments. Asterisks indicate significant difference (Student's t-test, **, p < 0.01; ***, p < 0.01) and no label indicates no significant differences between these treatments compared with that of E. coli OP50 strain.
junctions is independent on nematicidal activity of Cry proteins.
However, when purified spores of BMB171 (a Bt strain that do not produce Cry toxins), were assayed together with Cry toxins at the same concentration as above (10 μg ml −1 ), the epithelial junctions of most of the worms were destroyed, ranging from 51.7% AE 5.9% to 91.6% AE 8.3% for BMB171-spores plus Cry6Aa and BMB171-spores plus Cry5Ba respectively. The control of worms fed only with purified spores of BMB171 showed very few worms with disrupted epithelial junctions (Fig. 5) . As an additional control, we used inactivated BMB171 spores to fed the worms in mixtures with different Cry toxins. These assays showed similar effects to the worms treated with pure Cry toxins (Fig. 5 ). In addition, FT63(DLG::GFP) worms fed with a non-nematicidal Cry1Ac toxin, or with inactivated spores from BMB171 strain together with Cry1Ac toxin showed no disruption of their epithelial junctions (Fig. 5 ). These results suggest that the spore germination and development of vegetative bacteria together with the action of a nematicidal Cry toxin are required for Bt to disrupt the nematode epithelial junctions. The results suggest that additional virulence factors expressed during the spore germination besides the Cry toxins, participate in the disruption of the epithelial junctions of the midgut tissue in the nematodes.
The quorum-sensing regulator PlcR plays an important role in Bt disrupting nematode epithelial junctions
We analysed whether the quorum sensing PlcR (Verplaetse et al., 2015) or NprR (Slamti et al., 2014; Perchat et al., 2016) regulons that are very important for the pathogenicity of Bt in insects and control the expression of different virulence factors play any role in the disruption of the epithelial junctions of the nematode. The nematicidal Bt strain BMB0215 was used as the parental strain since it has the highest capacity to disrupt the epithelial junctions of the worms (Fig. 3) , and compared it with NprR-deficient (ΔnprR) and the PlcR-deficient (ΔplcR) strains. When these strains were used to fed FT63(DLG::GFP) worms, the percentage of destroyed epithelial junction caused by ΔplcR mutant strain was significant reduced (t-test, p < 0.05) compare to the parental strain (Fig. 6A) . In contrast, the ΔnprR mutant showed a similar effect as the parental strain (Fig. 6A) indicating that PlcR is involved in epithelial junction disruption. Analysis of the nematicidal activity of these Bt strains against the wild type N2 and the mutant clc-1(ok2500) worms showed that both nematodes were more resistance to the infection with ΔplcR and ΔnprR Bt strains compared with the BMB0215 parental strain (t-test, p < 0.05) (Fig. 6B) , supporting that PlcR and NprR regulons are controlling the expression of virulence factors that contribute to the Bt pathogenicity (Perchat et al., 2016) . We also observed that BMB0215 and mutant ΔnprR Bt strains showed significant higher toxicity against the mutant clc-1(ok2500) than to the wild type N2 worms (t-test, p < 0.05). However, the mortality induced by mutant ΔnprR in the wild type N2 worms was not significantly different for the ΔplcR mutant strain infecting the N2 and clc-1(ok2500) nematodes (t-test, p > 0.05). All together, our data demonstrate that the quorumsensing regulator PlcR plays a central role in disrupting the epithelial junctions in the worms.
Identification of two PlcR-regulated virulence factors, ColB and Bmp1, that contribute to the epithelial junctions disruption induced by Bt strains
We previously described that PlcR regulated the expression of two metalloproteinases, named Bmp1 (Luo et al., 2013) and ColB , involved in the destruction of the intestine structure of C. elegans. Therefore, we investigated the role of these virulence factors of Bt in the disruption of the intestinal epithelial junction during Bt infection. Our results show that the FT63(DLG::GFP) worms treated with either of the ColB-deficient (ΔcolB) or Bmp1-deficient (Δbmp1) mutant strains had no significant differences in the disruption of epithelial junctions induced by the wild type BMB0215 strain (Fig. 7A) . In contrast, the double ColB, Bmp1-deficient mutant (ΔcolBΔbmp1) showed that the percentage of destroyed epithelial junction was significant lower (t-test, p < 0.05) than BMB0215 strain (Fig. 7A) . A. Analysis of the disruption of epithelial junctions caused by plcR or nprR deficient Bt strains. The nematicidal Bt strain BMB0215 was used as the parental strain (labelled as WT). The data are expressed as the percentage of worms that showed disrupted epithelial junctions after 18 h treatment for each strain. The bar labelled 'Toxin' corresponds to 10 μg ml −1 purified Cry5Ba toxin. We used 100-120 L4 stage worms to score the disrupted epithelial junction's phenotype and calculate the percentages for each strain shown in the figure. The data showed the mean and SD of three independent replicates. B. Toxicity assays of plcR or nprR deficient Bt strains against the wild type N2 or against the epithelial junction mutant clc-1(ok2500) worms. A total of 20~30 L4 stage synchronized worms were scored per replicate. The mean and SD of three independent replicates are shown. Asterisks indicate significance as determined by a Student's t-test (*, p < 0.05; **, p < 0.01) and ND indicates no significant differences.
The FT63(DLG::GFP) worms fed with E. coli strains that over-expressed either ColB or Bmp1 metalloproteinases showed a clear disruption of the epithelial junctions (Fig. 7B) , indicating that high doses of Bmp1 and ColB have the potential to disrupt nematode epithelial junctions. We compared the activity of epithelial junctions disruption of the parental BMB0215 strain with the ΔplcR strain harbouring plasmids that over express ColB or Bmp1 metalloproteinases under the control of a PlcR independent promoter (kanamycin promoter P apha3 0 ) (Agaisse et al., 1999) , showing that the disruption of epithelial junctions was significantly different to the ΔplcR strain. However, when both P apha3' colB and P apha3' bmp1 were co-expressed in the ΔplcR strain a much higher disruption of epithelial junctions was observed (Fig. 7A) .
The toxicity of these strains against the wild type N2 and the mutant clc-1(ok2500) worms showed both nematodes were more resistance to the Bt ΔcolBΔbmp1 double mutant strain compared with BMB0215 (t-test, p < 0.05, Supporting Information Table S2 ) (Fig. 7C) . The ΔcolBΔbmp1 double mutant strain showed significant higher toxicity against the mutant clc-1(ok2500) than to the wild type N2 worms (t-test, p < 0.05, Supporting Information Table S2 ). We also observed that the mortality was not significantly different when either single mutant strain was used to infect the N2 and mutant clc-1(ok2500) worms (t-test, p > 0.05, Supporting Information Table S2 ) (Fig. 7C) . Also, the over expression of P apha3' colB or P apha3' bmp1 in the Bt ΔplcR mutant showed no significant difference in nematicidal activity when compared with the A total of 100-120 L4 stage worms were scored for disrupted epithelial junction's phenotype to calculate the percentages for each strain. The mean and SD of three independent experiments are shown. B. Epithelial junction disruption observations of worms fed with E. coli strains over-expressing either ColB or Bmp1 metalloproteinases. The worms fed with E. coli strain that harbours empty vector pET-28a were used as control (CK). Representative images of three replicates are shown. The scan bars represent 20 μm and the arrows indicate the disrupted of epithelial junctions. C. Toxicity assay of mutant Bt strains against the wild type N2 or the epithelial junction mutant clc-1(ok2500) worms. A total of 20~30 L4 stage synchronized worms were scored for mortality per replicate. The mean and SD of three independent replicates are shown. Asterisks indicate significance as determined by a Student's t-test (*, p < 0.05; **, p < 0.01).
ΔplcR strain. But the nematicidal activity was partially restored when both metalloproteinases P apha3' colB and P apha3' bmp1 were over expressed together in the ΔplcR strain (Fig. 7C) . Thus, our results support that ColB and Bmp1 contribute to the pathogenicity of Bt via disrupting the epithelial junction of worms.
Discussion
In this study, we analysed different Bt strains in the nematode C. elegans as a model system to investigate the pathogenesis of Bt at the virulence stage. Our data showed that Bt bacteria disrupt the epithelial junctions of the nematode intestinal cells during its host invasion (Fig. 2) . Moreover, we showed that targeting epithelial junctions is a widely adopted strategy since all the nematicidal Bt strains analysed disrupted the epithelial junctions of intestinal cells in C. elegans (Fig. 2) . Cell-cell junctions play a critical role in cell polarity and organogenesis, and constitute a physical barrier against pathogens invasion (Bonazzi and Cossart, 2011) . This functional barrier is composed of three major components: tight junctions (TJ), adherence junctions (AJ) and GAP junctions (Bonazzi and Cossart, 2011) . Several pathogens disrupt epithelia junctions to adhere and invade the deeper tissues for their proliferation (Costa et al., 2013) . For example, the P. gingivalis, a human adult pathogen, produces cysteine proteases to degrade the E-cadherin protein that is located at the AJ, facilitating the invasion of the underlying tissues through a paracellular pathway (Katz et al., 2000) . In the case of C. elegans, it was shown that knockdown of either dlg-1 or ajm-1 genes, which encode intestinal epithelial junction components related protein DLG-1 or AJM-1 respectively, reduces worm lifespan upon Enterococcus faecalis challenge (Sim and Hibberd, 2016) . To our knowledge, this is the first study on the role of epithelial junctions in C. elegans-Bt interactions.
The quorum sensing regulator PlcR has been reported as the main virulence regulator that controls the early steps of Bt infection process in insects (Verplaetse et al., 2015) . This protein regulates a set of extracellular toxins and enzymes (Agaisse et al., 1999; Salamitou et al., 2000; Gohar et al., 2002) . The quorum-sensing regulator NprR mainly controls the necrotrophic process of the bacteria in insects, by regulating expression of degradative enzymes (Slamti et al., 2014; Perchat et al., 2016) . Although in nematodes the role of PlcR and NprR in Bt infection still remains to be analysed, we showed here that the PlcR is required for Bt disruption of the epithelial junction in C. elegans, while the NprR regulator is not involved (Fig. 6) . Thus, our data suggest that destroying host epithelial junctions is an early event during virulence process of Bt pathogenesis that happens before the nematode death, rather than in the saprophytic stage. Interestingly, the epithelial junctions are conserved structures in nematodes, insects or mammals (Bonazzi and Cossart, 2011) , suggesting that epithelial junction disruption could be a common mechanism for Bt in different insect hosts.
However, although we show that PlcR plays an important role in the disruption of the nematode epithelial junctions (Fig. 6) , it is undeniable that when plcR gene was deleted, there were about 35% worms that still showed disrupted epithelial junctions (Fig. 6A ). There may be two possible explanations: the first is that other virulence factors not controlled by the PlcR regulon could also target the epithelial junction. The second is that the nematicidal Cry toxin may also target the epithelial junctions of C. elegans, since treatment with a purified Cry toxin without Bt bacteria also lead to low but significant damage of the epithelial junctions (10.0% AE 1.0% for Cry6Aa, to 33.0% AE 5.0% for Cry5Ba) (Fig. 5) . It was previously shown that AJ of mammalians cells participate in the susceptibility to another pore-forming toxin, the α-toxin produced by Staphylococcus aureus bacteria (Popov et al., 2015) . Thus, it could be possible that the Cry toxin may be a key factor to initiate the process of disruption of the nematode epithelial junctions. Purified Bt spores alone failed to germinate and did not disrupt the epithelial junctions, while live spores together with the nematicidal Cry toxin act synergist to disrupt the nematode epithelial junctions (Fig. 5) . Moreover, the specificity of Cry toxins also plays a crucial role in this process, since the effect on the epithelial junctions was not observed when the nematodes were treated with the lepidopteran specific Cry1Ac toxin and Bt spores (Fig. 5) . The specific binding of Cry toxins to their corresponding receptors may determine the pore formation activity of the toxin and whether Bt can effectively initiate the disruption of the epithelial junctions in the susceptible host.
Regarding the virulence factors directly involved in the disruption of epithelial junctions, our data show that at least colB and bmp1 genes that are activated by the PlcR regulon are involved in this process. However, the deletion of a single gene, either colB or bmp1 in the parental strain did not affect the phenotype of epithelial junction disruption (Fig. 7A) . Only the double knockout mutant of colB and bmp1 genes resulted in a significant reduction in the disruption of epithelial junctions. These data suggest that ColB and Bmp1 act together synergistically and require each other, to destroy the intestinal epithelial cell junctions. This means that the relevance of individual virulence factors for infection may has been overlooked when assessed individually in genetic studies. Therefore, more attention should be paid to reexamine the function of certain virulence factors in order to better understand their role in virulence.
In addition, we observed that the effect of the double knockout mutant of colB and bmp1 was lower than the PlcR mutant strain (Fig. 7B) . Since the PlcR regulon controls the expression of various virulence factors, our results may indicate that there are additional virulence factors regulated by PlcR that are involved in this process.
It is well-documented that in insects and nematodes the midgut cell lysis can be caused by Bt Cry toxins alone through pore formation (Bravo et al., 2007; Deist et al., 2014; Dementiev et al., 2016; Peng et al., 2018) . However, Cry toxins alone did not effectively disrupt the midgut epithelial junctions in C. elegans (Fig. 5) . These data suggest that disruption of midgut epithelium induced by Bt infection should be a dual effect of pore formation caused by Cry toxin and epithelial junctions disruption caused by PlcR controlled virulence.
A model explaining the intestinal epithelial junction disruption in C. elegans by Bt is shown in Fig. 8 based on previous published data and data reported here. The spores and Cry toxins of nematicidal Bt strain are ingested by the worms . The Cry toxins bind to specific receptors on the midgut epithelial cells (Griffitts et al., 2005; Peng et al., 2018) , forming pores in the intestinal cell membranes (Peng et al., 2018) . Cell burst by osmotic shock which creates favourable conditions for the spore germination and bacterial growth (Kho et al., 2011; Peng et al., 2016) . Here, we show that vegetative Bt cells expressed PlcR controlled virulence factors, such as Bmp1 (Luo et al., 2013) and ColB and we also show that Bmp1 and ColB participate in the disruption of the worm's epithelial junctions during this early virulence stage, leading to the decomposition of the intestinal cells. The tightness of the intestinal cells collapses, which may make a pathway for vegetative cells to pass through the intestine and invade the worms. Finally, the Bt cells may express additional enzymes controlled by NprR regulon that allow the reproduction of Bt cells on the nutrient source of the worm cadaver, leading to the release of spores into the environment as has been shown in insect models (Diaz and Restif, 2014; Ruan et al., 2015) . The latter step remains to be confirmed in Bt nematicidal strains. After the nematicidal Bt spore/Crystals were fed to the worms, the Bt spores are resistant to the pharyngeal grinder and both spores and Cry toxins reach the midgut lumen. The Cry toxins form pores in the membrane of the midgut epithelial cells (1), leading to the germination of spores in the intestinal lumen (2). The spores then could develop into vegetative cells (2), and trigger a quorum sensing response that is activated by PlcR regulator (3) resulting in production of different virulence factors. The various irregular shapes represent the virulence factors involved in Bt to disrupting the host epithelial junctions such as Bmp1 and ColB, and other PlcR-independent factors (4), that participate in the disruption of epithelial junctions of worms (5). Then the vegetative cells could break through the epithelial cells (6), multiply in the host and collapse the intestinal lumen of the worms (7). The red solid arrows present the epithelial junctions of epithelial cells. The blue solid arrows indicate steps that have been described before. The yellow dashed arrows represent the steps described in this study. This model was constructed based on previous published data and data reported here as stated in the text. [Color figure can be viewed at wileyonlinelibrary.com]
In summary, we show that Bt uses the nematicidal Cry toxins and additional virulence factors controlled by the PlcR regulon to disrupt the intestinal epithelial junctions of C. elegans at the early stages of infection allowing that Bt bacteria complete its life cycle in the worms. Our work provides new insights into the pathogenesis of Bt and highlights the importance of breaking down host epithelial junctions for a successful infection. A similar mechanism could be used by other pathogen-host interactions since epithelial junctions are conserved structures from insects to mammals.
Experimental procedures
Bacterial strains, plasmids and culture conditions
The bacterial strains and plasmids used in this study are listed in Supporting Information Table S1 . All Escherichia coli and Bt strains were grown on Luria-Bertani (LB) medium supplemented with the appropriate antibiotics at 37 C or 28 C, for E. coli or Bt respectively.
Caenorhabditis elegans strains and culture conditions
The wild-type C. elegans strain N2, the epithelial junction GFP labelled transgenic strain FT63(DLG::GFP), and the epithelial junction mutant strain clc-1(ok2500) were provided by the Caenorhabditis Genetics Center (CGC, https://cgc. umn.edu/). Worms were cultured at 20 C on NGM plates (0.3% NaCl, 0.25% tryptone and 1.5% agar) with E. coli strain OP50 as food source (Brenner, 1974) . The synchronized L4 stage worms were prepared according to a previous described method (Stiernagle, 2006) .
Preparation of the Cry proteins
For Cry protein production, the Bt strains described in Supporting Information Table S1 were cultivated in liquid ICPM medium (0.6% tryptone, 0.5% glucose, 0.1% CaCO 3 , 0.05% MgSO 4 and 0.05% K 2 HPO 4 , PH 7.0) at 28 C, 220 r.p.m. for 3 days until complete sporulation.
The crystal inclusions were purified as previously described (Peng et al., 2011) .
Preparation and inactivation of the spores
The spores of an acrystalliferous mutant of B. thuringiensis strain BMB171 were obtained by culturing cells in CCY sporulation medium (Stewart et al., 1981) at 28 C for 4 days. Spores were harvested by centrifugation of the cultures at 10 000 × g for 15 min at 4 C and washed three times with sterile distilled water (50 ml). The spore pellets were suspended in 10 ml sterile distilled water and store in −20 C. The purified spores were activated at 70 C for 15 min and induced for germination in LB medium at 37 C for 1 h. Germinated spores were then inactivated by heat treatment at 80 C for 15 min. The surviving spores were then induced to germinate in LB medium again. The germination and inactivation procedures were repeated twice to make sure that above 99% spores were inactivated.
Cloning of Cry21Aa gene
The primers F-Cry21Aa and R-Cry21Aa (Listed in Supporting Information Table S2 ) were designed based on the genome sequence of C15 strain. These primers were used to amplify cry21Aa gene including its promoter and terminator. The 5.5 kb PCR fragment was purified and cloned into the BamHI-HindIII site of the E. coli-Bt shuttle vector pHT304 to generate recombinant plasmid pHT304-cry21Aa. The recombinant plasmid was confirmed by DNA sequencing (AuGCT, Beijing, China) and transferred into Bt strain BMB171 to generate recombinant strain BMB171/Cry21Aa for expression Cry21Aa protein.
Construction of Bt knockout mutant strains
DNA fragments of Bt BMB0225 strain corresponding to the upstream and downstream regions of the target genes (described in results section) were generated by PCR using the primers listed in Supporting Information Table S2 . The two amplified fragments were digested with BamHI-XbaI and BamHI-KpnI, respectively, and cloned into the temperature-sensitive plasmid pHT304-Ts. Then, the spectinomycin resistance gene from plasmid pBMB2062 was digested with BamHI and inserted between these two gene fragments. The resulting plasmid was transformed into BMB0225 strain and cultivated for 8 h in LB medium supplemented with 25 μg ml −1 erythromycin. The transformant cells were cultivated at 42 C for 4 days for selection of bacterial cells that have integrated the plasmid by homologous recombination. Erythromycin-resistant (25 μg ml ) colonies were selected. The mutant strains (Supporting Information  Table S1 ) were confirmed by PCR and DNA sequencing (AuGCT, Beijing, China).
Bag-of-bacteria (Bob) phenotype assay
The 'Bob' formation bioassay was performed in liquid Smedia on 96 well plates as previous described (Kho et al., 2011) . In this assay we used 100 μl mixture per well consisted of 80 μl S-media, 10 μl E. coli OP50 strain at OD 600 of 0.3, 10 μl spores or spore/crystal mixtures (a 10 6 dose of spores per well) and 30~50 synchronized L4 stage worms in three independent replicates. The 96 well plates were incubated at 20 C and worms monitored from 24 to 96 h for the formation of 'Bob' phenotype under differential interference contrast (DIC) microscopy observations using 400× magnification (Olympus BX51, Olympus, Tokyo, Japan).
Analysis of C. elegans epithelial junctions
The epithelial junctions' observation assays were performed in liquid S-media on 48 well plates. Cry toxins) and approximately 200 synchronized L4 stage FT63(DLG::GFP) worms. The 48 well plates were incubated at 20 C. Observations were performed under fluorescent microscope (Olympus BX51, Olympus, Tokyo, Japan) at 100X magnification after 18 h of treatment, a time point where all worms are still alive. Animals treated with non-nematicidal Bt strains or E. coli OP50 strain at the same conditions were used as negative controls. Normally, the GFP fluorescence of healthy FT63(DLG::GFP) worms were observed intact, just like a ladder. In contrast, when the epithelial junction is disrupted, the GFP fluorescence becomes blurry or fragmented. The percentages of worms with disrupted epithelial junctions after each treatment were calculated based on the observation of at least 100-120 individual worms.
The transformants E. coli BL21(DE3) cells expressing the proteinases, ColB and Bmp1 (Luo et al., 2013) , were grown at 37 C to the mid-log phase (OD 600 0.4 to 0.6) and then 0.1 mM IPTG (final concentration) was added to induce the expression of these virulence factors after incubation at 28 C for additional 6 h.
Then, bacteria were spread onto NGM plates (0.3% NaCl, 0.5% tryptone, 0.1% yeast extract and 1.5% agar) containing 0.1 mM IPTG and cultured overnight at 28 C.
About 200 synchronized L4 stage FT63(DLG::GFP) nematodes were placed onto each plate incubated at 20 C, and monitored for the disruption of epithelial junctions after 8 h of treatment. E. coli BL21(DE3) cells harbouring empty vector were used as negative control under the same conditions. The percentage of worms that showed disrupted epithelial junctions after each treatment was calculated based on the observation of at least 100-120 individual worms. All tests were conducted in three independent replicates.
Nematode mortality assays
Bt strains were grown at 28 C in LB medium overnight and spread onto NGM plates at 28 C for 4~6 days until the spore/crystal mixture covered the plates. Then 20~30 L4 stage synchronized worms were transferred onto these NGM plates spread with each Bt lawn as the only food source for the worms that feed on spore and crystal mixtures freely. The plates were incubated at 20 C and mortality was recorded after 3 days. We used the food source strain E. coli OP50 and nematicidal Bt strain BMB0215 as negative and positive controls respectively. All tests were conducted with three independent replicates and monitored for survival at indicated time.
Microscopic observations
Worms were photographed on 2% agarose pads using the fluorescence microscope and the phase contrast microscope (Olympus BX51, Olympus, Tokyo, Japan).
Data analysis
The data were analysed using Statistical Package for the Social Sciences, (SPSS version 13.0 Chicago, IL, USA). Statistic comparisons used a Student's t-test and significant differences were determined as a threshold of p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).
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Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: The data are expressed as the percentage of worms that showed no-integrity epithelial junctions after 18 h treatment for each strain. A total of 100-120 L4 stage worms were scored for epithelial junction's integrity phenotype to calculate the shown percentages for each strain. The data showed the mean and SD of three independent replicates. Fig. S2 . The mortality assay of nematicidal Bt BMB0215 against the wild type N2 or dlg-1 knockdown worms. A total of 20~30 L4 stage synchronized worms were scored for survivals per replicate after 3 days of treatments. The asterisk indicates significance difference compared with that of N2 worms feed by BMB0215, which was determined by a Student's t-test (p< 0.05). Fig. S3 . The effect on integrity of the epithelial junctions treated by different concentration of Cry toxins. The data are expressed as the percentage of worms with disrupted epithelial junctions after each treatment of 18 h. A total of 100-120 L4 stage worms were scored for disrupted epithelial junction's phenotype to calculate the shown percentages for each strain. The mean and SD of three independent experiments are shown. There is no significant difference between other treatments compared with that of 10 μg ml −1 Cry toxin treatments. Fig. S4 . Toxicity assays of Cry5Ba, Cry6Aa and Cry21Aa against the wild type worms N2. A total of 20~30 L4 stage synchronized worms were scored for survivals per replicate after 7 days of treatments. The mean and SD of three independent replicates are shown. Table S1 . Bacterial strains and plasmids used in this study. Table S2 . Data analysis of the bioassays of Bt strains against C. elegans (Fig. 7B) . Table S3 . Primers used in this study.
